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Abstract

A time-resolved X-ray microprobe to study optical strong-field processes has been developed. Individual atoms or
molecules located within the strong-field environment created by a focused ultrafast laser are probed by undulator-
produced X-ray pulses to achieve spatial, temporal, spectral and polarization selectivity. Approximately 10°
monochromatic X-rays per 100-ps pulse are focused into a ~10 um spot to selectively probe atoms in focal volumes
where intensities up to 10'> W/cm? can be present. In this paper, we describe the time-resolved X-ray microprobe and
provide some illustrative examples from our work studying strong-field phenomena such as laser-modified absorption
spectra, Coulomb explosion, transient laser-produced plasmas and molecular alignment.
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1. Introduction

The study of structural dynamics on an ultrafast time
scale is a prime motivation for the construction of large-
scale next-generation X-ray sources, i.e. free electron
lasers (XFELs), such as the Linac Coherent Light
Source (Arthur et al., 2002) and the Tesla Test Facility
(Tschentscher, 2004). These new sources will access the
sub-picosecond timescale with very high single pulse
fluence (~10'* X-rays/200 fs pulse) in comparison with
current synchrotron sources (~10% X-rays/100 ps pulse)
and laser-produced plasma sources (~4 x 10® X-rays/
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sr/100fs pulse) (Bargheer et al.,, 2004). X-rays are
particularly valuable in ultrafast dynamics research,
since they provide complementary information to that
available from optical and charged particle probes.
X-rays yield direct information on atomic positions and
chemical bond lengths, unlike ultrafast optical probes
(Zewail, 2003). X-rays penetrate to probe isolated
molecules in solution, buried interfaces and bulk
material response, unlike recently developed ultrafast
electron sources (Zewail, 2005; King et al., 2005; Siwick
et al., 2003). In addition, tunable X-rays from synchro-
tron sources provide chemical, elemental and polariza-
tion specificity (Stoéhr, 1996). To this suite of
synchrotron basics, one can add ‘“‘ultrafast” temporal
and ‘‘ultrasmall” spatial information using the laser-
pump/X-ray microprobe method described here, thus
enabling new studies of the response of atoms and
molecules to strong-optical fields.
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Recently, there has been an explosion of activity at
third-generation light sources using pump-probe techni-
ques to track structural dynamics with ~100ps X-ray
pulses. These studies have been of solid-state materials
(~10**atoms/cm®) and solvated species (~10' mole-
cules/cm®). In ordered solid-state materials, phase-
transitions and phonon propagation have been studied
extensively, primarily using X-ray diffraction techniques
(Sondhauss et al., 2005; DeCamp et al., 2003; Reis et al.,
2001; Lindenberg et al., 2000). In some of these studies,
the time resolution was extended below the X-ray pulse
duration to the few ps level through the use of X-ray
streak cameras. Particularly noteworthy is the recent
demonstration using ~100 femtosecond pulses from a
laser-slicing source (Schoenlein et al., 2000) to study
metal-insulator phase-transition dynamics with ex-
tended X-ray absorption techniques (Cavalleri et al.,
2005). Studies of photoinduced structural dynamics of
solute molecules have been done using both X-ray
absorption spectroscopy (Chen et al., 2001; Saes et al.,
2003) and X-ray diffraction (Neutze et al., 2001; Plech
et al., 2004). Some recent achievements include the time-
resolved study of chemical reactions and the isolation of
a molecular transition state in solution by X-ray
diffraction (Davidsson et al., 2005; Ihee et al., 2005).
Access to the subpicosecond regime with hard X-rays
has already started with experiments on crystal melting
at the Sub-Picosecond Pulse Source (SPPS), the pre-
cursor to the LCLS (Lindenberg et al., 2005).

Our experiments, in contrast, focus on gas phase
samples (<10 cm?) with no long-range order. Also in
contrast to other pump-probe studies, we use strongly
focused X-ray beams (~10um spot diameter). The
combination of strongly focused tunable X-rays with a
strongly focused ultrafast laser enables both the study of
atomic and molecular response to strong-optical fields
and an exploration of laser-induced modification of
standard X-ray processes. In addition, gas phase studies
are special in that X-ray interactions with isolated atoms
and molecules are amenable to first-principles theory
and will provide a solid foundation for pump-probe
experiments with XFELs, where strong-optical fields are
expected.

The response of atoms and molecules to strong-
electromagnetic fields is of significant intrinsic interest.
Within the past two decades, developments in ultrafast
laser technology have powered revolutionary advances
in the study of light-matter interactions at high
intensities (Brabec and Krausz, 2000). The diffraction-
limited quality of the ultrafast laser pulses permits
efficient focusing and thus with modest mJ pulse
energies one can easily reach intensities of 10> W/cm?,
corresponding to electric field strengths of ~10V/A.
These external field strengths are comparable to those
binding outer-shell electrons in an atom and manipula-
tion of these electrons with strong-laser fields has led to

the discovery of many fascinating phenomena, e.g.
above threshold ionization (Agostini et al., 1987), high-
harmonic generation (Salieres et al., 1999) and molecular
alignment (Stapelfeldt and Seideman, 2003). At higher
intensities in the relativistic regime (> 10'® W/cm?), there
have been observations of laser-induced X-ray genera-
tion in clusters (McPherson et al., 1994; Ditmire et al.,
1995) and even nuclear fusion (Ditmire et al., 1999).

These experiments typically use a single intense laser
pulse to irradiate a gas-phase sample and analyze the
products (electrons, ions, photons) to gain information
on the interaction mechanisms. An independent, tunable
ultrafast probe would add a valuable dimension to these
studies, permitting the interrogation of state-specific
atomic dynamics induced by the strong field. Earlier
studies which use pump-probe techniques to study
strong-field light-matter interactions have generally
derived pump and probe pulses from the same laser,
thus limiting both spectral tunability and pump-probe
time delay range. In a pioneering experiment, Schins
et al. (1994) made the first observation of laser-assisted
Auger decay by using output from a single Ti:sapphire
laser to provide both the “pump” IR dressing beam of
<10"”W/cm? and the broadband “probe” X-rays
generated from laser-irradiated liquid Ga. Subsequently,
Glover et al. (1996) made the first observation of the
laser-assisted photoelectric effect using an IR dressing
beam combined with a family of high-harmonic probe
beams within an energy range of 33-42¢V. In both
cases, the Ti:sapphire lasers were multistage-amplified,
and had low repetition rate and high pulse energy
(10Hz, ~40-65mJ). In these two experiments, effect
of the laser-dressing field is to cause free—free transitions
in the continuum adding sidebands to the photoelectric
or Auger peak in the electron energy spectrum. More
recently, high harmonics have been used as probes
of transient molecular alignment, (Kanai et al.,
2005) again deriving the pump and probe from the
same laser.

With the X-ray microprobe, there are many advan-
tages relative to pump-probe experiments derived from a
single laser. First, spectral tunability: a probe X-ray
beam derived from synchrotron radiation provides wide
tunability (chemical and elemental sensitivity) and
independent polarization control. Second, temporal
tunability: independent control of the pump laser beam
and the probe X-ray beam allows delay ranges from
picoseconds to milliseconds. This enables the probing of
properties of individual atoms and molecules at t =0
and probing of collective dynamics of the gas-phase
ensemble, e.g. Coulomb explosion, at later times. Third,
microfocus advantages: the micron-sized X-ray beam
allows both easy target replenishment with a flowing gas
or liquid source to avoid sample damage, and, efficient
use of laser pulse energy. For X-ray pulses of spot
diameter d separated by time Ar a flow speed of only
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d/At is needed to create a new target for each X-ray trick—Baez mirror pair (Eng et al., 1998) operated at
pulse; in our typical case d = 10 um, Az = 150ns, the ~4 mrad incidence angle to focus the X-rays to ~10 um
required flow velocity is only ~60m/s. Finally, the spot size in both dimensions while retaining 40% of the
efficient use of laser pulse energy gives access to high- monochromatic flux! This corresponds to a ~10° X-rays
field strengths with commercial high repetition-rate per pulse that can be overlapped with a laser pulse.
lasers. Indeed, it is possible to envision X-ray probing (Zone plates and refractive lenses commonly used in
of laser-controlled reactions using currently available synchrotron research are less suited to our application
frequency conversion systems having pulse energies of which requires maximal flux, ~micron-sized beams and
~50uJ throughout the IR to UV because only modest longer, flexible focal distances for convenience. Zone
laser intensities ~10° W/cm? may be required. plates give the optimal spot size 15nm (Chao et al.,

In the following, we describe the time-resolved X-ray 2005), but their aperture is limited, typically ~100-pum,
microprobe, give some illustrative examples from our and they must be refocused for different X-ray energies.
research and provide an outlook for the future devel- Simple refractive lenses (Dufresne et al., 2001) typically
opment of atomic and molecular physics with time- produce spot sizes ~50 um, too large for precise probing
resolved X-ray techniques. within the laser focus.) A beam position monitor located

between the monochromator and the experimental
apparatus is used to stabilize the vertical position of

2. The time-resolved X-ray microprobe the X-ray beam to +1um during a scan of the X-ray

energy. lon chambers and slits are placed at strategic

Fig. 1 shows a schematic of the time-resolved X-ray locations to monitor and clean the X-ray beam.
microprobe at the Advanced Photon Source, Sector 7. The Ti:sapphire ultrafast laser system used to provide
X-rays from an undulator are routed through a Si(111) the strong-optical field is shown in the lower part of
double-crystal monochromator to give a bandwidth of Fig. 1. The oscillator runs at 8 MHz and is actively
AE/E~1.4x10"* and a flux of ~1 to 2 x 10" photons/s. synchronized to the RF of the storage ring 352 MHz
The source size and divergence of the X-rays give an (Reis et al.,, 2001). The output of the oscillator is
unfocused spot size of ~700pum x 2200 um (V' x H) stretched, amplified and recompressed in a commercial
FWHM at the experiment located ~58 m downstream regenerative amplifier (Coherent Legend HE-USP)
from the source. We have chosen a 200-mm Kirkpa- pumped by a diode-pumped, intracavity-doubled
Si(111) Kirkpatrick-Baez mirrors

x-ray detector

monochromator |] .
" '“ —* X rays [ S Y
272 kHz, ~1x10"%/s
undulator ' _
photodiode

ion/electron TOF

gas jet

Qj 352 MHz
ring reference

:] 352 MHz
Filter

45 fs

Fig. 1. Schematic of the time-resolved X-ray microprobe for atoms and molecules in the presence of strong-optical fields.
Monochromatic X-rays are focused with a Kirkpatrick—Baez mirror pair to ~10 um spot size. The X-rays probe within the interaction
volume created by strong focusing of a Ti:sapphire laser with ~20-100 um spot diameter. The interaction region is viewed by X-ray,
ion and electron detectors. The target is an effusive gas jet at room temperature, with corresponding mean velocity of ~300m/s for
krypton.
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Nd:YLF laser (Coherent Evolution-30). The com-
pressed, amplified output has a central wavelength of
~800 nm, 2.5 W average power, pulse length ~45fs, and
a repetition rate that is variable from 1-5kHz. The
amplified output can also be diverted prior to the
compressor to give chirped pulses of ~120 ps duration
and ~3.5 W average power. The polarization of the laser
beam can be either circular or linear with variable angle
relative to the horizontally polarized X-rays by insertion
of waveplates. The laser enters the rear of the vacuum
chamber and is focused into the interaction region with
an in-vacuum spherical mirror, f = 100 mm. Focusing
at f/100 to f/10 is possible by varying the diameter of the
input beam. A typical operating spotsize is ~100 um
FWHM.

Overlapping the two focused beams, laser and X-ray,
spatially and temporally within the gas jet inside a
vacuum chamber is a demanding aspect of the experi-
ment. The focused X-rays enter the chamber through a
hole in the center of the laser-focusing mirror and the
two beams co-propagate through the interaction region.
Rough spatial alignment at the interaction region is
achieved with an in situ YAG scintillator screen
observed with a lens system plus CCD camera (not
shown in the figure). Fine alignment is achieved by
scanning a 10-um cross-hair through the focal volume to
map the laser and X-ray foci in x, y and z. The X-ray
profile is monitored either by induced current from the
cross-hair or by transmission in a downstream ion
chamber. The laser profile is simultaneously monitored
by scatter into the lens/CCD camera setup. This method
yields profile centroids to ~2 pum precision.

Temporal overlap is also a multistep process. Rough
overlap at the ~0.5ns level is done with a photodiode
downstream of the interaction region. The wings of the
strongly divergent laser beam are sufficient to create a
sizable response in the downstream photodiode that can
be observed simultaneously with the X-ray beam.
Refinement of the timing is done with cross-correlation
measurements using Kr ionization as explained below.
The jitter between the X-rays and the amplified laser
output was measured on a shot-to-shot basis using the
downstream and a laser-fiducial photodiode, constant
fraction discriminators and a time-to-amplitude con-
verter to be ~3ps.

A room temperature effusive gas jet forms the target
at the interaction region. For atomic Kr, the mean
velocity is (1.33,/2kT/m) ~300m/s. This is sufficient to
produce a new target for the arrival of each X-ray pulse.
The width of the effusive jet at the interaction region was
measured to be ~2mm FWHM. For photon-in/photon-
out spectroscopy, the interaction region is viewed by
X-ray detectors (silicon drift detectors) that are capable
of very high count rate and good energy resolution. The
photon viewing region is limited to the central portion
of the Rayleigh range by in-vacuum slits. The energy

resolution of the detectors (~100eV) is sufficient to
discriminate scattering from fluorescence. Alternatively,
the products of the laser/X-ray interaction can be viewed
by ion/electron time-of-flight detectors or an energy-
resolving cylindrical mirror analyzer (CMA). For the
CMA, the viewing region is limited by internal
apertures. For time-of-flight spectroscopy, the posi-
tion-sensitive detectors can be used to determine the
location from which the ion originated.

The time structure of the Advanced Photon Source is
an important consideration for laser pump/X-ray probe
experiments because the two repetition rates are highly
mismatched. The ring circulation period is 3.56 us
(272kHz) The ring is run in top-off mode such that
the average current is stabilized at ~100mA. The
standard fill pattern has 24 equally spaced pulses, each
containing ~4mA, separated by ~153 ns. Significantly
more current can be synchronized with the 1-5kHz laser
in the ‘“hybrid-singlet” mode, where a superbunch
containing up to 16mA is isolated by symmetrical
1.59 us gaps from eight septets which distribute the
remaining 84 mA. In addition, the long quiet period
after the superbunch eases time-of-flight measurements
and detector recovery. In the standard mode, only
~1/6800 of the X-ray flux can be overlapped with a 1 kHz
laser, compared to 1/1700 in hybrid mode. Depending on
the bunch current in the ring, the X-ray pulselength
varies (Chae et al., 2001). The X-ray pulse duration in the
standard (hybrid) mode is ~94 (153) ps FWHM.

3. Examples: atoms and molecules in strong optical fields

3.1. Kr ionization—cross-correlation signature and ion
spectroscopy

For 800nm light, an intensity of ~2 x 10" W/cm? is
sufficient to saturate ionization of Kr (Maeda et al.,
2000). This intensity is easily achievable with the existing
laser system. If one saturates the ionization within the
laser focal volume, then the X-rays will probe an
ensemble of ions, thus enabling ion spectroscopy. There
is a dramatic difference between the K-edge X-ray
absorption spectrum of neutral and singly ionized Kr as
shown in Fig. 2.

The large pre-edge feature in singly ionized krypton
corresponds to the 1s—4p resonance. Since this
resonance appears only after laser-induced ionization
and occurs in a region of ““zero” absorption for the
neutral, it is a very clean signature of laser/X-ray
overlap. The theoretical ratio of the laser on/laser off
signal when the X-rays are tuned to the 1s—4p
resonance at 14.313keV is ~40. By detecting only the
Ko fluorescence channel, we isolate the K-shell absorp-
tion allowing us to observe the large laser on/laser off
ratio. This ratio would be drastically decreased in a
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Fig. 2. Top panel: laser off: calculated K-edge absorption
spectrum of neutral Kr. Lower panel: laser on: calculated K-
edge absorption spectrum of singly ionized Kr. Dashed lines
show discrete resonances and continuum absorption. Solid lines
show the sum. Preliminary data (solid circles) show the strong
resonance and are scaled to fit the calculated cross-sections.

transmission measurement. The observed laser-on/laser-
off ratio approachs the theoretical value and is used to
optimize spatial/temporal overlap in situ during an
experiment.

Ion spectroscopy can be realized with the X-ray
microprobe. The photon-in/photon-out technique per-
mits the observation of isolated atom properties even at
relatively high density. The localized gas density
(1-2mm) from the nozzle can approach ~10'"/cm?.
Under saturation conditions, the ion density is also
~10"/cm?® over the extent of the gas jet ~2mm. (For a
100 pm beam FWHM, the beamwaist (wy) = 60 um, and
the Rayleigh range of the laser focus Z, =nw3/A
exceeds the extent of the gas jet.) With this ion sample,
the target thickness is ~10'%/cm?, far exceeding the
target thickness in a collinear ion beam setup, where
the ion density is typically limited by space charge to
~107/cm? and the interaction length to ~100 cm.

The drawback in this scheme for ion spectroscopy is
the difficulty in selectively producing a single charge
state with intense pulsed lasers. As one can see from

the preliminary data of the resonance region (shown in
Fig. 2), the width of the resonance is greater than the
theoretical lineshape, suggesting the presence of higher
charge states. Indeed more extensive spectroscopic
measurements combined with ion charge state measure-
ments have confirmed the presence of Kr?". The higher
charge state is formed in the central region of the laser
focus. At these ion densities, the sample undergoes
Coulomb expansion, which segregates the charge states
in time and space. Thus, with careful spatial and
temporal placement of the X-ray microprobe, the
problems associated with multiple charge state produc-
tion can be overcome.

3.2. Coulomb expansion of transient laser-produced
plasmas

The high ion density (~10"*/cm®) produced by laser
ionization is accompanied by the production of elec-
trons; this collection of ions and electrons form a
transient independent particle plasma until the electrons
leave the ion vicinity determined by the laser focus
(~100 um). After the electrons leave, the ion assembly
undergoes pure Coulomb expansion. In tunnel ioniza-
tion, electrons are produced with a time-averaged kinetic
energy of U, =0.94 x 10713 72 where I (W/em?) is the
laser intensity and A (um) is the laser wavelength and U,
is given in eV. For an intensity of 4 x 10" W/cm? with
800nm radiation, this corresponds to a Up~24eV
(ve~3 mm/ns). Neglecting electron recapture by the ion
cloud, the electrons will leave the ion vicinity within a
fraction of a nanosecond. However, electron recapture
may not always be negligible with the presence of strong
Coulomb attraction from the ionized core. Electron
energy distributions can be controlled by varying the
polarization of the strong-field ionization laser (Corkum
et al., 1989) and the ensuing dynamics of the ion/
electron cloud can be simulated and followed with the
X-ray microprobe. Obvious extensions of the X-ray
microprobe technique include the probing of dense
laser-produced plasmas and laser-ablation mechanisms
with spectroscopic, polarization, spatial and temporal
selectivity.

3.3. Dressed atoms and molecules: molecular alignment

There are many applications for aligned molecules,
ranging from studies of photoionization of fixed-in-
space molecules, enhanced high-harmonic generation,
optimized chemical reactivity and simplified serial single
molecule crystallography with next-generation sources.
Alignment can be achieved with pulsed lasers, either
adiabatically or impulsively. Adiabatic laser alignment
(Friedrich and Hershbach, 1995) is simply an extension
of static DC field alignment, where the molecule is
aligned preferentially along the laser polarization axis
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due to interaction with its aniostropic polarizability.
Two requirements for the adiabatic aligning laser pulses
exist. The field strength that can be imposed is limited by
the threshold for ionization, e.g. ~10">W/cm? for I.
The laser pulse length must be significantly longer than
the molecular rotational period, Tpsers Trot, fOr the
alignment to evolve adiabatically. In the presence of
the aligning field, the free rotor evolves into an
eigenstate of the complete Hamiltonian, i.e. a “pendu-
lar” state. As the laser field decays, the alignment is lost,
as illustrated in Fig. 3a.

In contrast, with the impulsive scheme, molecules are
aligned subsequent to passage of a short laser pulse. The
impulse coherently excites a superposition of rotational
states to create an aligned ensemble that then decays and
revives at predictable intervals (Seideman, 1999; Orti-
goso et al., 1999), as illustrated in Fig. 3b. A full revival
is observed to occur after a rotational period 7 = 1/2Bc
where B is the rotational constant of the molecule in
cm ™" and c is the speed of light. Partial revivals occur at
T/4, T/)2, 3T/4 (Rosca-Pruna and Vrakking, 2001). The
revival duration is dependent upon the interplay
between molecular and laser pulse parameters but
typically lasts for no more than a few picoseconds.
The advantage for many applications is that molecules
are aligned under field-free conditions.

In order to study inner-shell photoionization from
aligned molecules, one can use the X-ray microprobe to

Adiabatic alignment

Tiaser > Trot
J=1 !
=i 1,1,1
J:‘CO W
. =

Field-free alignment

Taser = Trot

«— lesermirot 5

Alignment

~ .
N, W
(T 9 =~ L
1Lt = 1,1

Fig. 3. (a) Schematic of adiabatic alignment. Molecules are
aligned during the presence of strong laser field. (b) Schematic
of field-free alignment. Molecules are aligned at predictable
intervals after an impulsive laser pulse.

interrogate the aligned molecule. With the current pulse
length at the Advanced Photon Source, ~100ps, it
would be impossible to interrogate the impulsively
aligned molecules. However, to probe adiabatically
aligned molecules, the alignment laser pulse must simply
be longer than the X-ray pulse. This is possible with the
current laser system by diverting the amplified output
prior to recompression to achieve ~120ps pulses, as
shown in Fig. 1 by the dashed line. Typically, adiabatic
alignment is done with low repetition rate, 10ns pulse
length lasers. However, with microfocus conditions,
adiabatic alignment at kHz repetition rates is feasible
thus enabling studies of synchrotron-based X-ray
photoionization from dressed atoms and molecules
(i.e. aligned) with reasonable count rates.

4. Future outlook—1-ps X-rays at the Advanced Photon
Source

While most of the applications discussed above can be
realized with the presently available bunch lengths from
the Advanced Photon Source ~100-ps FWHM, they
would clearly benefit from shorter pulses of ~1-ps
duration. In addition to the 100-fold increase in time-
resolution, one also obtains a similar increase in
accessible field strength for dressed-state and coherent
control studies in atoms and molecules (Rice and Zhao,
2000).

An ingenious scheme to produce subpicosecond X-ray
pulses in a storage ring was proposed by Zholents et al.
(1999). The basic concept is that a transversely deflecting
RF cavity in the storage ring structure can be used to
create a vertical or angular displacement that is
correlated with the longitudinal position within an
electron bunch. A second cavity placed at a vertical
phase advance nn downstream of the first cancels the
correlation. The transverse displacement can be made
large enough such that the X-ray radiation from the
bunch can be considered as a large number of
independent sources, each of which would have a
duration of ~1ps. Ideally, only the section of the
storage ring between the two cavities would have short
pulses; the impact on the rest of the ring would be
negligible. This concept has been intensively investigated
over the past year at the Advanced Photon Source both
in simulation by Borland (2005) and in practice by Guo
et al. (2005). The simulations show that the concept is
practical and the test beam studies confirm the accuracy
of the simulation parameters. The source parameters are
currently being refined, and recently it has been
discovered that an early concern, vertical emittance
growth throughout the ring (Borland, 2005), can be
largely eliminated, even at the high deflection voltage
needed for the shortest pulses (Borland and Sajaev,
2005).
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The availability of a high-repetition rate, short-pulse
X-ray source will vastly increase the current parameter
space available for time-resolved X-ray studies. Table 1
lists working parameters for the APS storage ring and
the specifications for the LCLS XFEL. The parameters
for the simulated 1-ps storage-ring source are shown in
parentheses in the second column. For the LCLS,
parameters for two modes are shown, the 8000 and the
800eV modes in parentheses. Although the expected
pulse duration is ~5-fold longer than initial specificia-
tions at LCLS, the average power is similar and there are
a number of advantages of the storage ring RF deflec-
tion method namely: a high-repetition rate 6.5 MHz
compared to 120 Hz; modest fluence 10° X-rays per
pulse (for reduced sample damage and suitability for
time-resolved probes) compared to high fluence 10'2
X-rays per pulse; well-characterized temporal and
energy profiles compared to chaotic profiles with large
shot-to-shot variation; simultaneous users at multiple
wavelengths compared to single users; existing detector
and signal processing techniques compared to required
development of single-shot techniques and advanced
detectors.

A practical issue is the relatively large vertical
beamsize of the chirped X-ray pulse. The angular
deflection correlates with time at a slope of ~380 prad/
40 ps RMS pulse in the APS storage ring. Thus, at the
location of the X-ray optics, 30 m downstream, a vertical
beamsize of ~11mm for the chirped X-ray pulse is
formed. A simple sub-mm slit at this position could yield
a pulse length of a few ps FWHM. This slitted beam
could be used for spectroscopy in energy-dispersive
mode (Pettifer et al., 2005) to accumulate an X-ray
spectrum over the entire unduator bandwidth in
transmission mode with ~1 ps resolution. In addition,
many condensed matter diffraction experiments are not
photon limited, and the simple slit would greatly
improve the time resolution achievable. It is also
possible to use asymmetrically cut crystals and mirrors

to compress the X-ray pulse in both time and space and
increase the flux ~10-fold over that achieved by simple
slitting at the same pulse duration (Shastri, 2005). Thus,
it is reasonably straightforward to advance to the 1-ps
timescale using a storage-ring-based source coupled with
existing technology.

As a complement to the chirped-pulse storage ring
concept, XFELs produce the shortest pulse duration
and highest intensity in the hard X-ray region. Indeed,
XFEL enhancement schemes based upon emittance
spoiling (Emma et al., 2004) and further phase space
manipulation of the electron beam (Zholents and
Fawley, 2004) suggest that pulses of few femtosecond
and even attosecond duration are possible! Initial
experiments with baseline parameters at the XFEL must
diagnose XFEL output which will have pulse-to-pulse
fluctuations in temporal (and hence spectral) profiles
since the SASE lasing process is initiated from noise.
Atomic and molecular physics is expected to play a key
role here as the simplicity of the target permits close
coupling of ab initio theory with experiment to under-
stand strong-field interactions at short wavelengths.

5. Summary

X-ray microprobe techniques can be particularly
advantageous for time-resolved studies via pump-probe
techniques. In particular, microfocused X-rays can
probe focal volumes where laser intensities of up to
~10W/cm? can be present using a commercial
regeneratively amplified Ti:sapphire laser system. The
full power of tunable-synchrotron radiation then allows
the detailed probing of strong-field-induced processes,
e.g. the Coulomb expansion dynamics of an independent
particle plasma produced by tunnel ionization in a gas
and the tunnel ionization process itself. The efficient
utilization of available laser power via microfocusing
permits the study of molecular alignment at kHz

Table 1

Comparison of APS vs. LCLS X-ray sources

Parameter APS storage ring LCLS XFEL

Pulse duration FWHM ~100ps (1.5ps) <230fs

Repetition rate 6.5MHz 120 Hz

Photons/pulse ~10% ~1.1x 10" (~2.8 x 10"%)
Photon energy ~3-35keV ~8.2(0.82) keV

Energy bandwidth ~1072 0.06(0.24)%

Beam size o, x g,

. . / /
Beam divergence o', x a,
Gaussian
Smooth

Temporal profile
Spectral profile

254 % 12 pm (245 x 12 um)
15.6 x 3.0 prad (12.3 x 2.2 prad)

28 MM Orms (31 Hm)

0.43 urad o,y (3.8 prad)
Chaotic

Chaotic

APS photon beam parameters are given for Undulator A (Dejus et al., 2002). LCLS photon beam parameters from LCLS Conceptual

Design report (Arthur et al., 2002).
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repetition rates, making such experiments feasible
in a storage ring environment. Finally, the generation
of ~1-ps X-ray pulses at the Advanced Photon Source
appears to be practical, enhancing both the temporal
resolution and attainable dressing-intensity 100-fold and
enabling exciting new science.
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